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(54) Electrostatic actuator and method of driving the same 



(57) A plurality of groups each including of first, sec- 
ond and third stator electrodes (22A to 22C) sequentially 
arranged in a predetemiined direction are mounted to a 
first stator (2A). An extended electrode (26D) extending 
in the predetermined direction is mounted to a second 
stator (28) arranged to face the first stator (2A). A slider 
(3) is movably arranged between the first and second 
stators (2A and 2B). The slider (3) is provided with a 
large number of slider electrodes (30A) arranged to face 
the first to third stator electrodes (22A to 22C) and a 
second slider electrode (30D) facing the extended elec- 



trode (26D). The slider electrodes (30A and 30D) are 
maintained at the ground potential. Afirst driving voltage 
is periodically applied to the stator electrodes (22A to 
22C), and a second driving voltage is applied to the ex- 
tended electrode (26D). The first and second driving 
voltages are opposite to each other in phase and are 
periodically switched between the ground potential and 
the positive driving voltage, with the result that the slider 
(3) is moved fonward in the predetermined direction 
while being vibrated between the first and second sta- 
tors {2A and 28), 
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Description 

[0001] The present Invention relates to an electrostat- 
ic actuator for driving a slider or a nrtovable section with 
an electrostatic force and a method of driving the sanne. 
particularly, to an electrostatic actuator having an im- 
proved simple structure and capable of driving the slider 
orthe movable section with a high accuracy and a meth- 
od of driving the same. 

[0002] The electrostatic actuator for driving a slider or 
a movable section has already been disclosed in some 
publications, e.g., Japanese Patent Disclosure (Kokal) 
No. 8-140367, and "Electrostatic Linear MIcroactuator 
I Mechanism, JOURNAL OF LIGHTWAVE TECHNOLO- 

GY, Vol. 17, No. 1, January 1999, IEEE". The actuator 
j disclosed In these publications comprises an array of 

j electrodes as shown In FIG. 1 . In this electrostatic ac- 

tuator, a slider or a movable section 1 02 Is arranged sl- 
idable fonward as denoted by an arrow 101 or backward 
between two stators 103A and 103B arranged to face 
each other. An electrode section 1 04 is provided on the 
slider 102. Two systems of stator electrodes 106A and 
1 06G to which voltage is applied at different timings are 
alternately arranged on the stator 103A. Likewise, two 
systems of electrodes 106B and 106D to which voltage 
, is applied at different timings are arranged on the other 

! stator 1 03B. The electrodes 1 06A to 1 06D provided on 

j the stators 1 03A, 1 03B and the electrode section 1 04 of 

the slider 102 are substantially equal to each other In 
I the pitch and the electrode width. Also, the electrodes 

1 06A, 1 06C of the stator 1 03A and the electrodes 1 06B, 
106D of the stator 103B are arranged such that the 
phase of the arrangement Is shifted by 1/2. 
[0003] If a voltage Is applied from a voltage source 
(not shown) to the electrode 106A in the electrostatic 
actuator of the particular construction, an electrostatic 
force, i.e.. Coulomb force, is generated between the 
electrode 106A and the electrode section 104, with the 
result that the slider 102 Is attracted toward the stator 
103A such that the electrode 106A and the electrode 
section 104 are allowed to faced to each other. Then, 
when the switching circuit (not shown) for supplying a 
voltage is switched to change the electrode to which a 
voltage Is supplied from the electrode 106 A to the elec- 
trode 1 06B so as to supply a voltage to the electrode 
106B, the slider 102 Is attracted toward the other stator 
103B such that the electrodes 106B and the electrode 
section 104 are allowed to faced to each other. Also, 
when the switching circuit is switched to change the 
electrode to which a voltage is supplied from the elec- 
trode 1 06Bto the electrode 1 06C so as to supply a volt- 
age to the electrode 106C, the slider 102 is attracted 
toward the stator 103A again such that the electrodes 
1 06C and the electrode section 1 04 are allowed to faced 
to each other. Further, when the switching circuit is 
switched to change the electrode to which a voltage is 
supplied from the electrode 1 06C to the electrode 1 06D 
so as to supply a voltage to the electrode 1 06D, the slid- 



er 102 is attracted toward the stator 103B again such 
that the electrodes 106D and the electrode section 104 
are allowed to faced to each other. As described above, 
if a voltage is applied successively to the electrodes 
5 106A, 106B, 106C and 106D, the slider 102 is vibrated 
microscopically between the stators 103A and 103B and 
is macroscopically driven in the fonward direction as de- 
noted by the arrow 101 in FIG. 1. If the order of applying 
a voltage to the electrodes is reversed such that the volt- 

10 age is applied to the electrodes 1 06D, 1 06C, 1 06B and 
106 A in the order mentioned, the slider 102 is driven In 
the backward direction opposite to the fonward direction 
denoted by the arrow 101 in FIG. 1 . 
[0004] In the electrostatic actuator described above, 

15 it is necessary for the pair of stators 1 03A and 103B to 
be aligned with a high accuracy. It is also necessary for 
the electrodes of the same width to be formed equidis- 
tantly with a high accuracy in the stators 103A, 103B. 
Naturally, a sufficient time and labor are required for 

20 manufacturing the parts of the electrostatic actuator and 
for assembling these parts with a high accuracy, leading 
to a high manufacturing cost of the actuator. This prob- 
lem of the high manufacturing cost must be overcome 
for realizing a mass production of the actuator. 

25 [0005] A method of applying voltage and the operat- 
ing principle of the conventional electrostatic actuator 
will now be described with reference to FIG. 1 . Inciden- 
tally, those members of the actuator, which are substan- 
tially same as those shown in FIG. 1 are denoted by the 

30 same reference numerals in FIG. 2 for avoiding the over- 
lapping description. 

[0006] As described above with reference to FIG. 1 , 
If a voltage is applied successively to the electrodes 
106A to 106D provided on the stators 103A and 103B, 

35 the slider 1 02 is driven so as realize a linear movement 
on a macroscopic level. In the electrostatic actuator 
shown In FIG. 2, the electrodes 106A and 1 06B are cov- 
ered with a dielectric film 1 05 so as to prevent these 
electrodes 106A, 106B from the insulation breakdown, 

40 as disclosed in Japanese Patent Disclosure No. 
8-140367 referred to previously. 
[0007] If a voltage is applied first to the electrode 1 06A 
as shown in FIG. 2, dielectric polarization 1 07 is gener- 
ated in a dielecthcfilm 1 05 covering the electrode 106A. 

45 Then, if a voltage is applied to the electrode 106B, the 
slider 102 is attracted toward the other stator 103B so 
as to be driven such that the electrode section 104 is 
allowed to face the electrode 1 06B. It should be noted, 
however, that the component of the dielectric polariza- 

so tion generated in the dielectric film 105 mounted on the 
electrode 1 06A produces the function of keeping the 
slider 102 attracted toward the stator 103A. The com- 
ponent of the force produced by the dielectric polariza- 
tion 1 07 Is very small in terms of the potential level . How- 

55 ever, since the distance between the stator 1 03A and 
the electrode section 104 of the slider 102 is short, it is 
possible for the force generated by the dielectric polar- 
ization 107 not to be negligible as a force for Inhibiting 
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the movement of the slider 102. This is based on the 
fact that the electrostatic force is inversely proportional 
to the square of the distance between the electrodes. 
Under the circunnstances, the driving of the slider 102 
tends to be unstable in the conventional electrostatic ac- 
tuator. It should also be noted that the degree of the 
charge leakage in the dielectric film 105, I.e., the time 
for the dielectric polarization to disappear, is not con- 
stant, which also provides a cause of the failure for the 
movement of the slider 1 02 to be made constant. 
[0008] As described above, in the conventional elec- 
trostatic actuator, it is necessary to align accurately the 
two stators 103A and 103B so as to provide accurately 
a desired phase of arrangement of these two stators. It 
is also necessary to fonn accurately the electrodes fac- 
ing the two surfaces of the slider or movable element 
102. It follows that a long time and much labor are re- 
quired for assembling the actuator, leading to a high 
manufacturing cost. In other words, serious problems 
must be solved before the mass production of the actu- 
ator is realized. 

[0009] It should also be noted that, in the conventional 
electrostatic actuator, the driving operation of the slider 
1 02 tends to become unstable because of the influence 
produced by the dielectric polarization taking place in 
the dielectric film covering the electrode. 
[0010] What should also be noted is that the degree 
of the charge leakage in the dielectric film 1 05, i.e., the 
time for the dielectric polarization to disappear, is not 
constant, which also provides a cause of the failure for 
the movement of the slider 1 02 to be made constant. 
[001 1 ] An object of the present invention is to provide 
an electrostatic actuator, which permits improving the 
assembling efficiency and the mass production capabil- 
ity and also pemnits the slider to make a stable micro- 
scopic movement with a relatively high accuracy. 
[001 2] According to a first aspect of the present inven- 
tion, there is provided an electrostatic actuator mecha- 
nism, comprising: 

a first stator provided with an electrode group in- 
cluding at least three electrodes successively ar- 
ranged In a predetennined direction, voltage being 
applied to the electrodes in different order; 
a second stator arranged to face the first stator and 
provided with a planar electrode extending in the 
predetermined direction; 

a movable member arranged between the first sta- 
tor and the second stator, and provided with a first 
electrode section facing the electrode group and a 
second electrode section facing the planar elec- 
trode; and 

a switching circuit configured to apply voltage alter- 
nately to the electrode group and the planar elec- 
trode, the potential of any of the electrodes forming 
the electrode group being rendered higher than the 
potential of the first electrode section, or the poten- 
tial of the planar electrode being rendered higher 



than the potential of the second electrode section, 
and to switch the order of applying voltage succes- 
sively to the first electrode group. 

5 [001 3] It is possible for the electrostatic actuator of the 
present invention to further comprise a dielectric film 
formed to cover the electrode group. 
[0014] It is also possible for the electrostatic actuator 
of the present invention to further a dielectric film formed 
10 to cover the first electrode section. 

[0015] Further, where the dielectric film is formed, it 
is possible for the electrostatic actuator of the present 
invention to further comprise a circuit configured to im- 
pair a potential difference such that the potential of the 
15 electrode group is rendered lower than the potential of 
the first electrode section, when voltage Is applied to the 
planar electrode. 

[0016] It Is possible for that the slider having a surface 
which is perpendicular to the predetermined direction to 
form an optical element surface. 

[0017] It is possible for the first and second stators to 
have stoppers projecting from the upper surfaces of the 
electrode group and the planar electrode, and for the 
movable member to be provided with regions in which 
the stoppers are slid, the region being formed on the 
surfaces on which the first and second electrode sec- 
tions are formed. 

[0018] Also, it is possible for the movable member to 
have stoppers projecting from the surfaces of the first 
and second electrode sections, and for the first and sec- 
ond stators to be provided with regions in which the stop- 
pers are slid, the regions being fomried on the surfaces 
on which the electrode group and the planar electrode 
are formed. 

[0019] Further, it is possible for the first stator to In- 
clude a first part and for the second stator to include a 
second part, the first and second parts being connected 
to each other to form a stator. 

[0020] According to a second aspect of the present 
invention, there is provided a method of driving an elec- 
trostatic actuator mechanism including a first stator hav- 
ing an electrode group including at least three elec- 
trodes successively arranged in a predetermined direc- 
tion, voltage being applied to the electrodes in different 
order, a second stator arranged to face the first stator 
and having a planar electrode extending in the prede- 
termined direction, and a movable member arranged 
between the first stator and the second stator and hav- 
ing a first electrode section facing the electrode group 
and a second electrode section facing the planar elec- 
trode, the method comprising: 

applying voltage to the electrode group, the poten- 
tial of any of the electrodes forming the electrode 
group being rendered higher than the potential of 
the first electrode section; 

applying voltage to the planar electrode, the poten- 
tial of the planar electrode being rendered higher 
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than that of the second electrode section; 
applying voltage by switching the electrode of the 
first electrode group such that the potential of the 
switched electrode is rendered higher than the po- 
tential of first electrode section; 5 
applying voltage such that the potential of the planar 
electrode is rendered higher than the potential of 
the second electrode section; and 
repeating the voltage application defined above. 

10 

[0021] Further, according to a third embodiment of the 
present invention, there Is provided a camera module, 
comprising: 

a Image pick-up element; and is 
an electrostatic actuator mechanism mounted to 
the image pick-up element, the electrostatic actua- 
tor mechanism including; 

a first stator provided with an electrode group 20 
including at least three electrodes successively 
arranged in a predetermined direction, voltage 
being applied to the electrodes in different or- 
der, 

a second stator arranged to face the first stator 25 
and provided with a planar second electrode 
extending In the predetermined direction, 
a movable member arranged between the first 
stator and the second stator, and provided with 
a first electrode section facing the electrode 30 
group, a second electrode section facing the 
planar electrode, and an optical element con- 
figured to form an optical Image on the image 
pick-up element, and 

a switching circuit configured to apply voltage 35 
alternately to the electrode group and the pla- 
nar electrode, the potential of any of the elec- 
trodes forming the electrode group being ren- 
dered higher than the potential of the first elec- 
trode section, or the potential of the planar elec- 40 
trode being rendered higher than the potential 
of the second electrode section, and to switch 
the order of applying voltage successively to 
the electrode group. 

45 

[0022] This summary of the invention does not nec- 
essarily describe all necessary features so that the in- 
vention may also be a sub-combination of these de- 
scribed features. 

[0023] The invention can be more fully understood so 
from the following detailed description when taken in 
conjunction with the accompanying drawings, in which: 

FIG. 1 a cross sectional view schematically showing 
the construction of a conventional electrostatic ac- 55 
tuator; 

FIG. 2 is a cross sectional view schematically show- 
ing the construction of a conventional electrostatic 



actuator provided with a dielectric film; 
FIG. 3 Is a block diagram schematically showing the 
construction of an electrostatic actuator according 
to one embodiment of the present Invention; 
FIGS. 4A to 4E are timing charts each showing a 
voltage signal applied to the electrodes of the elec- 
trostatic actuator shown in FIG. 3; 
FIGS. 5A to 5E are cross sectional views collective- 
ly showing how to drive the electrostatic actuator 
according to a modification of the embodiment 
shown in FIG. 3; 

FIGS. 6A to 6E are timing charts each showing a 
voltage signal applied to the electrodes of the elec- 
trostatic actuator in relation to the driving method 
shown in FIGS. 5A to 5E; 

FIG. 7 is across sectional view schematically show- 
ing the construction of an electrostatic actuator ac- 
cording to another modified embodiment of the 
present invention; 

FIG. 8 is a cross sectional view for schematically 
explaining the operating principle of the electrostat- 
ic actuator shown in FIG. 7; 

FIGS. 9A to 9F are timing charts each showing a 
voltage signal applied to the electrodes of the elec- 
trostatic actuator shown in FIGS. 7 to 8; 
FIG. 1 0 is a graph showing the relationship between 
the displacement, with a gap in the electrostatic ac- 
tuatorshown in FIGS. 7 and 8 used as a parameter, 
and the driving force imparted to the slider; 
FIG. 11 is a cross sectional view schematically 
showing the construction of an electrostatic actua- 
tor according to another modified embodiment of 
the present invention ; 

FIGS. 12A and 12B are views relating to the elec- 
trode width of the slider of the electrostatic actuator 
shown in FIG. 11 and also relating to the operation 
of the slider; 

FIGS. 13A and 1 3B are cross sectional views sche- 
matically showing another modified embodiment of 
the electrostatic actuator shown in FIG. 3; 
FIGS. 14A to 14E are timing charts each showing 
a voltage signal applied to the electrodes of the 
electrostatic actuator shown in FIGS. 13A and 13B; 
FIGS. 1 5A and 1 5B are cross sectional views sche- 
matically showing another modified embodiment of 
the electrostatic actuator shown in FIG. 3; 
FIG. 16 is a perspective view schematically show- 
ing another modified embodiment of the electrostat- 
ic actuator shown in FIG. 3; 

FIGS. 17A to 17C are perspective views schemat- 
ically showing collectively the manufacturing proc- 
ess of a slider according to another modified em- 
bodiment of the electrostatic actuator shown In FIG. 

3; 

FIGS. 1 8A and 1 8B are a cross sectional view and 
a broken view, respectively, schematically showing 
collectively the construction of an electrostatic ac- 
tuator provide with a stopper according to another 
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embodiment of the present invention; 
FIGS. 1 9A and 1 9B are a cross sectional view and 
a broken view, respectively, schematically showing 
collectively the construction of an electrostatic ac- 
tuator provide with a stopper according to another 
embodiment of the present invention; 
FIG. 20 is a perspective view schematically show- 
ing in a dismantled fashion the construction of an 
electrostatic actuator provided with a stopper ac- 
cording to another modified embodiment of the 
present invention; 

FIGS. 21 A to 21 C are a plan view and cross sec- 
tional views collectively showing schematically the 
construction of the stator of an electrostatic actuator 
according to another embodiment of the present in- 
vention; 

FIGS. 22A to 22D are cross sectional views collec- 
tively showing schematically the manufacturing 
process of the stator of an electrostatic actuator ac- 
cording to another embodiment of the present in- 
vention; 

FIGS. 23A to 23C are a plan view and two cross 
sectional views collectively showing schematically 
the construction of the stator of an electrostatic ac- 
tuator according to another embodiment of the 
present invention; 

FIGS. 24A to 24C are a plan view and two cross 
sectional views collectively showing schematically 
the construction of the stator of an electrostatic ac- 
tuator according to another embodiment of the 
present invention; 

FIGS. 25A to 25D are a plan view, two cross sec- 
tional views, and a back view collectively showing 
schematically the construction of the stator of an 
electrostatic actuator according to another embod- 
iment of the present Invention; 
FIGS. 26A to 26D are a plan view, two cross sec- 
tional views, and a back view collectively showing 
schematically the construction of the stator of an 
electrostatic actuator according to another embod- 
iment of the present invention; 
FIGS. 27A to 27D are a plan view, two cross sec- 
tional views, and a back view collectively showing 
schematically the construction of the stator of an 
electrostatic actuator according to another embod- 
iment of the present Invention; 
FIGS. 28A to 28C are a plan view and two cross 
sectional views collectively showing schematically 
the construction of the stator of an electrostatic ac- 
tuator according to another embodiment of the 
present invention; 

FIGS. 29A to 29D are a plan view, two cross sec- 
tional views, and a back view collectively showing 
schematically the construction of the stator of an 
electrostatic actuator according to another embod- 
iment of the present invention; and 
FIG. 30 is a perspective view schematically show- 
ing a focus control mechanism as an application of 



an electrostatic actuator of the present Invention. 

[0024] Preferred embodiments of an electrostatic ac- 
tuator of the present invention will now be described in 

5 detail with reference to the accompanying drawings. 
[0025] Specifically, FIGS. 3 to 6 show an electrostatic 
actuator according to one embodiment of the present 
invention. In the electrostatic actuator shown in FIG. 3, 
a first stator 2A and a second stator 2B are arranged to 

10 face each other, and a slider or movable section 3 is 
slldably arranged between the first and second stators 
2A and 2B. It is possible for the first and second stators 
2A and 28 to be shaped like a flat plate or like a semi- 
circular cylindrical plate. Where the first and second sta- 

15 tors 2A and 2B are shaped like a flat plate, the slider 3 
is In the form of a block or a hollow block having flat 
surfaces facing the first and second stators 2A and 2B. 
Where the first and second stators 2A and 2B are 
shaped like a semicircular cylindrical plate, the slider 3 

20 is in the form of a column or a hollow cylinder confomning 
with the shapes of the first and second stators 2A and 
2B. 

[0026] The electrostatic actuator shown in FIG. 3 
comprises a first stator 2A having a three line type con- 

25 struction In which a driving signal is supplied at a differ- 
ent timing to the three stator electrodes 22A, 22B, 22C 
through three electrical signal lines. Specifically, each 
of the first, second and third striped stator electrodes 
22A, 22B, 22C has a comb like shape and the first, sec- 

30 ond and third striped stator electrodes 22A, 22B, 22C 
are alternately arranged on the surface of the first stator 
2A in the sliding direction of the slider 3, i.e. , in a forward 
direction 24 and a backward direction opposite to the 
forward direction 24. In addition, these first, second and 

35 third stator electrodes 22A, 22B, 22C are arranged at 
the same pitch Ph. These first, second and third stator 
electrodes 22A, 22B, 22C are arranged over a range 
within which at least the slider 3 is slid. On the other 
hand, an extended surface electrode 26D that extends 

40 flat is formed on the surface of the second stator 2B in 
a manner to extend flat. 

[0027] The slider 3 has a surface facing the first stator 

2A, and first slider electrodes 30A are arranged on the 
surface of the slider 3 in a manner to face the first stator 

45 2A at a pitch Ph equal to the pitch Ph at which the first, 
second and third stator electrodes 22A, 228, 22C are 
arranged. The slider 3 also has a surface facing the sec- 
ond stator 28, and the second slider electrode 30D that 
extends flat Is fomned on the particular surface of the 

so slider 3. 

[0028] The first, second and third stator electrodes 
22A: 22B, 22C are altematively arranged in this order, 
with the phase of the arrangement (phase of the ar- 
rangement In which the arranging pitch corresponds to 
55 3 Ph) of the electrodes deviated by 1/3 (= Ph). Also, the 
first slider electrodes 30A of the slider 3 may be formed 
by forming projections and recesses on the surface of 
a conductor, as shown in FIG. 3. Alternatively, it is pos- 
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sible to form the first slider electrodes 30A by uniformly 
forming a conductive material layer on a flat surface, fol- 
lowed by patterning the conductive material layer In a 
desired pitch. 

[0029] As shown in FIG. 3, the first, second, third sta- 5 
tor electrodes 22A, 22B, 22C, the extended surface 
electrode 26D, and the second slider electrode 30D are 
connected to a voltage source 42 generating a voltage 
via a switching circuit 40 serving to determine the timing 
at which a voltage is applied to these stator electrodes io 
22A, 22B, 22C, and the extended electrode 26D. Also, 
the first slider electrode 30A and the second slider elec- 
trode 30D are connected to the ground via the switching 
circuit 40 or are connected to a negative potential point. 
The switching circuit 40 is substantially equal in the cir- 15 
cuit construction to the circuit shown in FIG. 8, which is 
to be referred to herein later. Specifically, the switching 
circuit 40 comprises a stationary contact or a grounded 
contact connected to the stator electrodes 22A, 22B, 
22C and the extended electrode 26D, a first movable 20 
contact connected to a voltage source 42, which is con- 
nected to these stationary contacts, and a second mov- 
able contact that is grounded to connected to a negative 
potential point. When one of these stationary contacts 
is connected to the voltage source 42 via the first mov- 25 
able contact in the switching circuit 40 of the particular 
construction, the other stationary contacts are connect- 
ed to the ground via the second movable contact or con- 
nected to a negative potential point. 

[0030] In the electrostatic actuator shown in FIG. 3, 30 
the slider 3 is moved in the forward direction 24 or a 
backward direction opposite to the forward direction 24 
by the driving principle described below. 
[0031] In the first step, a voltage, i.e., a high level volt- 
age or potential, is applied to the first stator electrode 35 
22A mounted to the stator 2A as shown in FIG. 4A, and 
the first slider electrode 30A and the second slider elec- 
trode SOB mounted to the slider 3 are connected to the 
ground or maintained at a potential lower than a poten- 
tial on the stator electrode 22A, i.e., a low level voltage 40 
or potential as shown in FIG. 4E. If the potential of the 
first stator electrode 22A is set higher than the potential 
of the first slider electrode 30A mounted to the slider 3, 
and If the other stator electrodes 22B, 22C, and the sec- 
ond slider electrode 30D are connected to the ground ^5 
or to a low level voltage or potential point, an electro- 
static force, i.e., Coulomb force, is generated between 
the first stator electrode 22A and the first slider electrode 
30A, with the result that the slider 3 Is attracted toward 
the first stator 22A such that the first slider electrode 30A so 
is attracted toward the stator electrode 22A. To be more 
specific, since the state that the first stator electrode 22A 
and the first slider electrode 30A are allowed to exactly 
overiap each other Is most stable, the slider 3 receives 
force from the first stator electrode 22A such that the 55 
first stator electrode 22A and the first slider electrode 
30A are allowed to face each other as denoted by an 
arrow 44. Then, if the voltage-applying electrode Is 



switched from the first stator electrode 22A to the ex- 
tended electrode 26D, which extends flat, by the oper- 
ation of the switching circuit 40, a high level voltage is 
applied to the extended electrode 26D and the other 
electrodes are maintained at a low level voltage, as 
shown in FIG. 4D. As a result, the slider3 is moved away 
from the first stator electrode 22A so as to be attracted 
toward the second stator 2B. 

[0032] Also, if the voltage-applying electrode is 
switched from the extended electrode 26D to the stator 
electrode 22B mounted to the stator 2 by the operation 
of the switching circuit 40, a voltage is applied to the 
second stator electrode 22B, as shown In FIG. 48. As 
a result, an electrostatic force, i.e., Coulomb force, is 
generated between thesecond stator electrode 22B and 
the first slider electrode 30A as denoted by an an^ow 46, 
as In the case where a voltage Is applied to the first stator 
electrode 22A, thereby attracting the slider 3 toward the 
first stator 2A such that the first slider electrode 30A is 
allowed to overiap with the stator electrode 22B. If the 
voltage-applying electrode is switched in the next step 
from the second stator electrode 22B to the extended 
electrode 26D by the operation of the switching circuit 
40, as shown in FIG. 4D, the slider 3 is moved away 
from the second stator electrode 228 so as to be attract- 
ed toward the second stator 28. 

[0033] Further, If the voltage-applying electrode Is 
switched from the extended electrode 26D to the third 
stator electrode 22C by the operation of the switching 
circuit 40, a voltage is applied to the third stator elec- 
trode 22C, as shown in FIG. 4C. As a result, an electro- 
static force, I.e., Coulomb force, Is generated between 
the third stator electrode 22C and the electrode 30A as 
in the case of applying a voltage to each of the first and 
second stator electrodes 22A and 22B, with the result 
that the slider 3 is attracted toward the first stator elec- 
trode 22A such that the electrode 30A Is allowed to over- 
lap with the electrode 22C. Then, if the voltage-applying 
electrode is switched from the third stator electrode 22C 
to the extended electrode 26D by the operation of the 
switching circuit 40, a voltage is applied to the extended 
electrode 26D, with the result that the slider 3 Is moved 
away from the third stator electrode 22C so as to be at- 
tracted toward the second stator 2B. 
[0034] If the sequence of the voltage application, in 
which the voltage is applied to the first stator electrode 
22Aj the extended electrode 26D, the second stator 
electrode 22B, the extended electrode 226D, the third 
stator electrode 22C and the extended electrode 26D in 
the order mentioned and, then, to the first stator elec- 
trode 228, again, as described above, Is repeated as 
shown In FIGS. 4A to 4D, the slider 3 Is moved In the 
forward direction 24, I.e., in the direction of an-angement 
of the electrodes mounted to the first stator 2A on a mac- 
roscopic level, while the slider 3 is vibrated In a direction 
crossing the forward direction 24 on a microscopic level. 
[0035] In the sequence described above, the slider 3 
is moved In the forward direction 24. Where the slider 3 
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is moved in a backward direction opposite to the forward 
direction 24, a voltage is applied to the electrodes In the 
order opposite to that described above. Specifically, a 
voltage is applied first to the third stator electrode 22C 
as shown in FIG. 4C, with the first slider electrode 30A 
and the second slider electrode SOD maintained at a low 
level potential as shown in FIG. 4E. It follows that the 
slider 3 Is attracted toward the first stator 2A by the elec- 
trostatic force, i.e., Coulomb force, generated between 
the third stator electrode 22C and the electrode 30A 
such that the electrode 30A is attracted toward the elec- 
trode 22C. Then, the voltage-applying electrode Is 
switched from the third stator electrode 22C to the ex- 
tended electrode 26C by the operation of the switching 
circuit 40 so as to apply a voltage to the extended elec- 
trode 26D as shown in FIG. 4D, with the result that the 
slider 3 Is moved away from the third stator electrode 
22C so as to be attracted toward the second stator 2B. 
[0036] Then, the voltage-applying electrode is 
switched from the extended electrode 26D to the second 
stator electrode 22B by the operation of the switching 
circuit 40 so as to apply a voltage to the second stator 
electrode 22B as shown in FIG. 48, with the result that 
the slider 3 is attracted toward the first stator 2A by the 
electrostatic force generated between the second stator 
electrode 228 and the first slider electrode 30A. Further, 
the voltage-applying electrode is switched from the sec- 
ond stator electrode 228 to the extended electrode 26D 
by the operation of the switching circuit 40 so as to apply 
a voltage to the extended electrode 26D as shown in 
FIG. 4D, with the result that the slider 3 is moved away 
from the second stator electrode 228 so as to be attract- 
ed toward the second stator 28. 

[0037] In the next step, the voltage-applying electrode 
is switched from the extended electrode 26D to the first 
stator electrode 22A by the operation of the switching 
circuit 40 so as to apply a voltage to the first stator elec- 
trode 22A as shown in FIG. 4A, with the result that the 
slider 3 is attracted toward the first stator 2A by the elec- 
trostatic force generated between the first stator 22A 
and the electrode 30A. Then, the voltage-apptying elec- 
trode is switched from the first stator electrode 22A to 
the extended electrode 26D by the operation of the 
switching circuit 40 so as to apply a voltage to the ex- 
tended electrode 26D as shown in FIG. 4D, with the re- 
sult that the slider 3 is moved away from the third stator 
electrode 22C so as to be attracted toward the second 
stator 28. 

[0038] In the sequence of the movement of the slider 
3 in the backward direction described above, a voltage 
is applied to the third stator electrode 22C, the extended 
electrode 26D: the second stator electrode 228, the ex- 
tended electrode 26D, the first stator electrode 22A and 
the extended electrode 26D in the order mentioned and, 
then, the voltage is applied again to the third stator elec- 
trode 22C. If the sequence described above is repeated, 
the slider 3 is moved in a direction opposite to the for- 
ward direction 24, i.e., In the direction of the arrange- 



ment of the electrodes mounted to the first stator 2A, 
while the slider 3 is vibrated in a direction crossing the 
forward direction 24. 

[0039] In the electrostatic actuator described above, 
5 the extended electrode 26D mounted to the second sta- 
tor 28 is a single electrode of a simple structure, which 
simply extends flat. Therefore, the alignment between 
the extended electrode 26D and the first to third stator 
electrodes 22A, 22B, 22C is not required. Also, the elec- 
10 trostatic actuator is simple in construction, leading to im- 
provements in the assembling operation and in the 
mass production capability. 

[0040] A method of driving an electrostatic actuator 
according to a modification of the embodiment de- 
f5 scribed above will now be described with reference to 
FIGS. 5A to 5E and 6A to 6E. 

[0041] Specifically, FIGS. 5A to 5E are directed to a 

method of driving the electrostatic actuator shown in 
FIG. 3, which is directed to a modified embodiment of 
the present invention, and show the relationship be- 
tween the timing of the voltage application to the elec- 
trodes and the movement of the slider 3. 
[0042] In the first step, a voltage is applied to the first 
stator electrode 22A, as shown in FIG. 6A, with the first 
slider electrode 30A and the second slider electrode 
SOD maintained at a low level, as shown in FIG. 6E. As 
a result, the slider 3 is attracted toward the first stator 
2A such that the first slider electrode 30A is pulled by 
the first stator electrode 22 A by the electrostatic force 
generated between the first stator electrode 22A and the 
electrode 30A, as shown in FIG. 5A. Then, the voltage- 
applying electrode Is switched from the first stator elec- 
trode 22A to the extended electrode 26D by the opera- 
tion of the switching circuit 40 so as to apply a voltage 
to the extended electrode 260 as shown In FIG. 6D, with 
the result that the slider 3 is moved away from the third 
stator electrode 22C so as to be attracted toward the 
second stator 28, as shown in FIG. 58. 
[0043] In the next step, the voltage-applying electrode 
is switched from the extended electrode 26D to the first 
and second stator electrodes 22A, 228 by the operation 
of the switching circuit 40 so as to apply a voltage to the 
first and second stator electrodes 22A, 22B as shown 
in FIGS. 6A and 68, with the result that the slider 3 is 
attracted toward the first stator 2A by the electrostatic 
force generated between the first and second stator 
electrodes 22A, 22B and the first slider electrode 30A, 
as shown in FIG. 5C. It should be noted that, since a 
voltage is applied to both the first and second stator 
electrodes 22A and 22B as shown in FIGS. 6A and 68, 
the slider 3 is attracted toward the first stator 2A such 
that the first slider electrode 30A is positioned to face 
the first and second stator electrodes 22A, 228, as 
shown in FIG. 5C. Then, the voltage-applying electrode 
is switched from the first and second stator electrodes 
22A: 228 to the extended electrode 26D by the opera- 
tion of the switching circuit 40 so as to apply a voltage 
to the extended electrode 26D as shown in FIG. 6D, with 
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the result that the slider 3 is moved away from the first 
and second stator electrodes 22A, 22B so as to be at- 
tracted toward the second stator 2B, as shown in FIG. 
5D. 

[0044] Further, the voltage-applying electrode is 5 
switched from the extended electrode 26D to the second 
stator electrode 22B by the operation of the switching 
circuit 40 so as to apply a voltage to the second stator 
electrode 22B as shown In FIG. 6B, with the result that 
the slider 3 is attracted toward the first stator 2A by the io 
electrostatic force generated between the second stator 
electrode 22B and the first slider electrode 30A, as 
shown in FIG. 5E. Then, the voltage-applying electrode 
is switched from the second stator electrode 22B to the 
extended electrode 26D by the operation of the switch- i5 
Ing circuit 40 so as to apply a voltage to the extended 
electrode 26D as shown In FIG. 6D, with the result that 
the slider 3 Is moved away from the second stator elec- 
trode 228 so as to be attracted toward the second stator 
28. 20 
[0045] Further, the voltage-applying electrode is 
switched from the extended electrode 26D to the second 
and third stator electrodes 228, 22C by the operation of 
the switching circuit 40 so as to apply a voltage to the 
second and third stator electrodes 228, 22C as shown 25 
in FIGS. 6B and 6C, with the result that the slider 3 is 
attracted toward the first stator 2A by the electrostatic 
force generated between the second and third stator 
electrodes 22B, 22C and the first slider electrode 30A. 
It should be noted that, since a voltage is applied to both 30 
the second and third stator electrodes 22B and 22C, the 
slider 3 is attracted toward the first stator 2A such that 
the first slider electrode 30A is positioned to face the 
second and third stator electrodes 22B and 22C. Then, 
the voltage-applying electrode is switched from the sec- 35 
ond and third stator electrodes 22B, 22C to the extended 
electrode 26D by the operation of the switching circuit 
40 so as to apply a voltage to the extended electrode 
26D as shown in FIG. 6D, with the result that the slider 
3 is moved away from the second and third stator elec- 40 
trodes 22B, 22C so as to be attracted toward the second 
stator 2B. 

[0046] In the next step, the voltage-applying electrode 
is switched from the extended electrode 26D to the third 
stator electrode 22C by the operation of the switching 
circuit 40 so as to apply a voltage to the third stator elec- 
trode 22C as shown in FIG. 6C, yyith the result that the 
slider 3 is attracted toward the first stator 2A by the elec- 
trostatic force generated between the third stator elec- 
trode 22C and the first slider electrode 30A. Then, the 50 
voltage-applying electrode is switched from the third 
stator electrode 22C to the extended electrode 26d by 
the operation of the switching circuit 40 so as to apply 
a voltage to the extended electrode 26D as shown in 
FIG. 6D, with the result that the slider 3 is moved away 55 
from the second stator electrode 228 so as to be attract- 
ed toward the second stator 2B. 
[0047] Then, the voltage-applying electrode is 



switched from the extended electrode 26D to the third 
and first stator electrodes 22C, 22A so as to apply a volt- 
age to the third and first stator electrodes 22C, 22A as 
shown in FIGS. 6Aand6C, with the result that the slider 
3 is attracted toward the first stator 2A by the electro- 
static force generated between the third and first stator 
electrodes 22C, 22A and the first slider electrode 30A. 
It should be noted that, since a voltage is applied to both 
the third and first stator electrodes 22C and 22A, the 
slider 3 is attracted toward the first stator 2A such that 
the first slider electrode 30A is positioned to face the 
third and first stator electrodes 22C, 22A. Then, the volt- 
age-applying electrode is switched from the third and 
first stator electrodes 22C, 22A to the extended elec- 
trode 26D by the operation of the switching circuit 40 so 
as to apply a voltage to the extended electrode 26D as 
shown in FIG. 6D, with the result that the slider 3 is 
moved away from the second and third stator electrodes 
22C, 22A so as to be attracted toward the second stator 
2B. 

[0048] As described previously, if a voltage is applied 
to the first stator electrode 22A as shown in FIG . 6A, the 
slider 3 is attracted toward the first stator 2A by the elec- 
trostatic force generated between the first stator elec- 
trode 22A and the first slider electrode 30A. 
[0049] As described above, a voltage is applied suc- 
cessively to the first stator electrode 22A, the extended 
electrode 26d, both the first and second stator elec- 
trodes 22A and 228, the extended electrode 26D, the 
second stator electrode 228, the extended electrode 
26D, both the second and third stator electrodes 22B 
and 22C, the extended electrode 26D, the third stator 
electrode 22C, the extended electrode 26D, both the 
third and first stator electrodes 22C and 22A, the ex- 
tended electrode 26D, and the first stator electrode 22A 
in the order mentioned, with the result that the slider 3 
is moved in the direction denoted by the arrow in which 
the electrodes are arranged in the first stator 30A while 
the slider 3 is being slightly vibrated in a direction per- 
pendicular to the direction denoted by the arrow 24. 
[0050] In the modified embodiment described above, 
the slider 3 is attracted first by one of the electrodes, e. 
g., the first stator electrode 22A, mounted to the first sta- 
tor 2A and, then, the slider 3 is attracted by the two ad- 
jacent electrodes, e.g., the first and second stator elec- 
trodes 22A and 22B, with the result that the first slider 
electrode 30A receives force that permits the first slider 
electrode 30A to be positioned in substantially the cent- 
er between the two adjacent stator electrodes to which 
a voltage is applied. According to this driving method, 
the force for driving the slider 3 in a direction crossing 
the direction in which the slider 3 is moved Is rendered 
relatively large, with the result that the movement of the 
slider is made smoother. 

[0051] Incidentally, in the modified embodiment de- 
scribed above with reference to FIG. 3 and FIGS. 5A to 
5E, three electrodes are mounted to the first stator 2A. 
However, the present invention is not limited to the par- 
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ticular modification. In other words, it is possible to 
mount more than three electrodes, e.g. , four electrodes, 
to the first stator 2A. FIG. 7 shows an electrostatic ac- 
tuator according to a modified embodiment of the 
present invention, in which first to fourth stator elec- 
trodes 22A to 22D are mounted, in place of the three 
first stator electrodes shown In FIG. 3, to the first stator 
2A and a single extended electrode 26D is mounted to 
the second stator 2B. 

[0052] In the electrostatic actuator shown in FIG. 7, 
the fourth stator electrode 24D is mounted to the first 
stator 2A in addition to the first to third stator electrodes 
22A, 22B, 22C shown in FIG. 3. These first to fourth sta- 
tor electrodes 22A, 22B, 22C and 22D are arranged at 
the same pitch, and a plurality of slider electrodes 30A 
having the widths corresponding to the widths of the four 
stator electrodes 22A, 22B, 22C, 22D are arranged in 
the slider 3 In the fonA/ard direction. Also, the extended 
electrode 30D, which is uniform over the movable range 
of the slider 3, Is mounted to the surface of the stator 
electrode 2B facing the stator 2B. 
[0053] As shown in FIG. 8, a voltage source 42 gen- 
erating a voltage is connected to the first, second, third 
and fourth stator electrodes 22A, 22B, 22C, 22D, the 
extended electrode 26D, the first slider electrode 30A 
and the second slider electrode 30D via the switching 
circuit 40 serving to determine the timings of applying a 
voltage to these stator electrodes 22 A, 22B, 22C, 22D 
and the extended electrode 26D. Also, the first slider 
electrode 30A and the second stator electrode 30D are 
connected to the ground through the switching circuit 40 
or are connected to negative potential point. As shown 
In FIG. 8, the switching circuit 40 comprises a stationary 
contacts 40A, 40B, 40C, 40D and a stationary contact 
40G connected to the ground, the stationary contacts 
being connected to the stator electrodes 22A, 22B, 22C, 
22D and the extended electrode 26D, respectively, a 
first movable contact 40F connected to the voltage 
source 42, the circuit 40 being connected these stator 
contacts 40A, 40B, 40C, 40D, and a second movable 
contact 40E connected to the ground or to a negative 
voltage point. When one of these stationary contacts 
40A, 40B, 40C, and 408 is connected to the voltage 
source 42 through the movable contact 40F in the 
switching circuit 40 of the particular construction, the 
other stationary contacts 40A, 40B, 40C, 40D are con- 
nected to the ground via the second movable contact 
40E or is connected to a negative potential point. 
[0054] In this electrostatic actuator, a voltage is ap- 
plied successively to the first stator electrode 22A, the 
extended electrode 26D, the second stator electrode 
22B, the extended electrode 28D, the third stator elec- 
trode 22C, the extended electrode 26D, the fourth stator 
electrode 22D, the extended electrode 26D and, then, 
the first stator electrode 22A in the order mentioned, as 
described previously in conjunction with FIGS. 3 and 4A 
to 4E. As a result, the slider 3 is linearly moved In the 
direction of the arrangement of the stator electrodes 



mounted to the first stator 2A, i.e., forward direction 24, 
on a macroscopic level, while the slider 3 is being vibrat- 
ed in a direction crossing the forward direction on a mi- 
croscopic level. 
5 [0055] In the actuator shown in FIG. 8, it is possible 
to permit the slider 3 to be moved slightly in the forward 
direction or the backward direction by applying the volt- 
age to the stationary contacts 40A, 40B, 40C and 40D 
at the timings shown in FIGS. 9A to 9F. To be more spe- 
cific, the first slider electrode 30A and the second slider 
electrode 30D are maintained first at a Ipw level voltage 
as shown in FIG. 9F, and a voltage is applied to the first 
and second stator electrodes 22A and 22B as shown in 
FIGS. 9A and 9B. As a result, the slider 3 is attracted 
toward the first stator 2A by the electrostatic force gen- 
erated between the stator electrodes, (i.e., the first and 
second stator electrodes 22 A, 22 B) and the first slider 
electrode 30A such that the first slider electrode 30A is 
moved toward the first and second stator electrodes 
22A, 22B. In the next step, the switching circuit 40 is 
operated to change the voltage-applying electrode from 
the first and second stator electrodes 22A, 22B to the 
extended electrode 26D so as to apply a voltage to the 
extended electrode 26D, with the result that the slider 3 
is moved away from the third stator electrode 22C so as 
to be attracted toward the second stator 2B, as shown 
in FIG. 9D. 

[0056] Then, the voltage-applying electrode is 
switched from the extended electrode 26D to the second 
and third stator electrodes 22B, 22G in accordance with 
the operation of the switching circuit 40 so as to permit 
a voltage to be applied to the second and third stator 
electrodes 22B, 22C as shown in FIGS. 9B and 9C, with 
the result that the slider 3 is attracted toward the second 
stator 2A by the electrostatic force generated between 
the stator electrodes (i.e., the second and third stator 
electrode 22B, 22C) and the fist slider electrode 30A. 
Then, the voltage-applying electrode is switched from 
the second and third stator electrodes 22B, 220 to the 
extended electrode 26D by the operation of the switch- 
ing circuit 40 so as to permit a voltage to be applied to 
the extended electrode 26d as shown in FIG. 9D, with 
the result that the slider 3 is moved away from the first 
and second stator electrodes 22 A, 22 B so as to be at- 
tracted toward the second stator 2B. 
[0057] Then, the voltage-applying electrode is 
switched from the extended electrode 26D to the third 
and fourth stator electrodes 22G, 22D in accordance 
with the operation of the switching circuit 40 so as to 
permit a voltage to be applied to the third and fourth sta- 
tor electrodes 22C, 22D as shown in FIGS. 9C and 9D, 
with the result that the slider 3 is attracted toward the 
first stator 2A by the electrostatic force generated be- 
tween the stator electrodes (i e. , the third and fourth sta- 
tor electrodes 22C, 22D) and the first slider electrodes 
30A as shown in FIG. 8. In the nest step, the voltage- 
applying electrode is switched from the third and fourth 
stator electrodes 22C. 22D to the extended electrode 
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26D in accordance with the operation of the switching 
circuit 40 so as to permit a voltage to be applied to the 
extended electrode 26D, with the result that the slider 3 
is moved away from the second stator electrode 22B so 
as to be attracted toward the second stator 2B as shown 
in FIG. 9D. 

[0058] Further, the voltage-applying electrode is 
switched from the extended electrode 26D to the fourth 
and first stator electrodes 22D, 22A In accordance with 
the operation of the switching circuit 40 so as to permit 
a voltage to be applied to the fourth and first stator elec- 
trodes 22D, 22A. with the result that the slider 3 is at- 
tracted toward the first stator 2A by the electrostatic 
force generated between the stator electrodes (i.e., the 
fourth and first stator electrodes 22D, 22A) and the first 
slider electrode 30A. In the next step, the voltage-apply- 
ing electrode Is switched from the fourth and first stator 
electrodes 22D, 22A to the extended electrode 26D in 
accordance with the operation of the switching circuit 40 
so as to permit a voltage to be applied to the extended 
electrode 26D as shown in FIG. 9D, with the result that 
the slider 3 is moved away from the fourth and first stator 
electrodes 22D, 22A so as to be attracted toward the 
second stator 2B. 

[0059] In the electrostatic actuator shown in FIG. 7, it 
is possible to permit a voltage to be applied to the first 
stator electrode 22A, the extended electrode 26d, both 
the first and second stator electrodes 22A and 228. the 
extended electrode 26D, the second stator electrode 
228, the extended electrode 26D, both the second and 
third stator electrodes 228 and 22C, the extended elec- 
trode 26D, the third electrode 22C, the extended elec- 
trode 26D, both the third and fourth stator electrodes 
22C and 22D. the extended electrode 26D, the fourth 
stator electrode 22D, the extended electrode 26D, both 
the fourth and first stator electrodes 22D, 22A, the ex- 
tended electrode 26. and the first stator electrode 22A 
in the order mentioned. As a result, the slider 3 is linearly 
moved slightly in the arranging direction 24 of the elec- 
trodes mounted to the first stator 30A on the macroscop- 
ic level while the slider 3 is being vibrated in the vertical 
direction on the microscopic level. 
[0060] The driving force for operating the electrostatic 
actuator will now be described briefly with reference to 
FIG. 8. The following description covers the case where 
the four stator electrodes 22A, 228, 22C and 22D are 
mounted. However, the present invention Is not limited 
to the case where the four stator electrodes are mounted 
to the first stator In other words, a similar driving force 
is imparted to the slider 3 in the case where the driving 
force is imparted from the stator, to which three stator 
electrodes or an n-number of stator electrodes are 
mounted, to the slider 3. 

[0061] The drivingforce, i.e.. the generated force hav- 
ing a vertical component Fz and a horizontal component 
Fy, is represented by formulas (1) and (2) given below 
on the assumption that each of the slider 3 and the stator 
electrodes 22A, 228, 22C, 22D mounted to the stator 2 



are parallel plate conductor electrodes that do not have 
a thickness: 

5 Fz = n X e SV^/2d^ (i) 



Fy = n X e LV^/2d (2) 

where n denotes the number of slider electrodes 
30A mounted to the slider 30A. The symbol e denotes 
the dielectric constant between the slider 3 and each of 
the stator electrodes 22A, 228, 22C, 22D mounted to 
the stator 2A, the dielectric constant being represented 
by the product between the dielectric constant of vacu- 
um and the dielectric constant between the slider elec- 
trode 30A and each of the stator electrodes 22A, 228, 
22C, 22D mounted to the stator 2A. The dielectric con- 
stant of vacuum is £ 0 = 8.85 X 10*12 [N/m]. The relative 
dielectric constant is about 1 for the air and about 3 for 
polyimide used for, for example, insulation of the elec- 
trode. Character S denotes the mutually facing area be- 
tween the slider electrode 30A and the stator electrodes 
22A, 228, 22C, 22D, which extends in parallel to form 
parallel plates. The area S is detemilned by "w X L", 
where w denotes the width of the electrode sections mu- 
tually facing each other as shown in FIG. 8 (i.e., the 
width along the side extending in the forward direction), 
and L denotes the length. Character v denotes the volt- 
age applied between the electrodes. Further, d denotes 
the distance between adjacent electrodes. The distance 
d corresponds to the gap Ga shown in FIG. 8. 
[0062] Formulas (1) and (2) given above will now be 
considered under the state that a voltage is applied be- 
tween the stator electrodes 22C and 22D so as to be 
rendered active. Incidentally, the edge in the fonward di- 
rection of the stator electrode 22C, i.e., the left edge, is 
defined as the reference position, which is the origin 0, 
and the fonward direction is defined as positive, and the 
backward direction is defined as negative. Under the 
state that the left edge of the slider electrode 30A shown 
in FIG. 8 is positioned leftward of the left edge of the 
stator electrode 22C, i.e., where the displacement X Is 
larger than -L, the slider electrode 30A and the stator 
electrode 22C are not positioned to overiap each other, 
failing to fomn parallel plates. In this case, the compo- 
nent Fy of the generated force is rendered substantially 
zero. 

[0063] On the other hand, when the left edge of the 
slider 3 is positioned to fall within a range between the 
negative length L and the origin 0 relative to the left edge 
of the stator electrode 22C, as shown in FIG. 8, i.e., 
where the displacement X is within a range of zero to 
-L, the component Fy of the generated force is rendered 
constant regardless of the position of the left edge of the 
slider 3. This is because there is no component in for- 
mula (2) in the horizontal direction. Also, when the slider 
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3 is positioned remote from the origin 0 by a range within 
the length L in the positive direction relative to the stator 
electrode 22C, i.e., where the displacement X Is within 
a range of zero to +L, the magnitude of the generated 
force is rendered constant in the negative direction. This 
Is because the depth direction of the slider 3 neglects 
the Influence on the generated force. Specifically, the 
influence of the mutual function performed between the 
tapered portion of the side surface of the slider electrode 
30A shown in FIG. 8 and the stator electrodes 22A, 22B, 
22C, 22D mounted to the stator 2A is neglected. In the 
actual actuator, It Is necessary to take these influences 
Into consideration. However, these Influences are ne- 
glected In the description given above for the sake of 
brevity of the description. 

[0064] FIG. 1 0 shows graphs t, II, 111, IV and V relating 
to the generated force In the horizontal direction based 
on the situation described above. These graphs show 
by the finite-element method the changes in the gener- 
ated force on the basis of the positional relationship be- 
tween the slider 3 and the stator electrodes 22A, 22B, 
22C, 22D mounted to the stator 2A. In the graph of FIG. 
10, the generated force Fy in the horizontal direction in 
unit of Newton (N), in which the forward direction is pos- 
itive, is plotted on the ordinate. On the other hand, the 
positional relationship between the slider 3 and the sta- 
tor electrodes 22A, 22B, 22C, 22D mounted to the stator 
2A, i.e., the values of displacement in which the forward 
direction is positive, is plotted on abscissa. In these 
graphs I, II, III, IV and V, the gap Ga shown in FIG. 8 is 
taken as a parameter, in which the gap Ga is 7.8 jxm for 
graph II, 5.8 nm for graph III, 4.8 jim for graph IV, and 
3.8 |im for graph V. The size of the electrostatic actuator 
for obtaining the graph of FIG. 1 0 is determined on the 
assumption that the mechanism is used in mobile equip- 
ment such as a portable telephone or cellar phone. For 
example, the gap is set at 3.8 \im to 7.8 p.m, L is set at 
28 |xm, w is set at 12 iim, Ph is set at 16 jim, and the 
number of slider electrodes 30A mounted to the slider 
is set at 94. 

[0065] As apparent from the graphs of FIG. 10, the 
generated force Fy In the horizontal direction is gradu- 
ally changed about the time when the slider electrode 
30A of the slider 3 is moved to overlap with the stator 
electrode 22C and about the time when the slider elec- 
trode 30A is moved away from the stator electrode 22C. 
Incidentally, It is possible to substitute a sine wave wave- 
form between the origin 0 and the point of the maximum 
value for the generated force Fy in the horizontal direc- 
tion. In FIG. 10, the voltage applied to the stator elec- 
trodes is a calculated value at 100V. According to the 
graphs shown in FIG. 10 and the result of the study 
based on these graphs, the gap should fall within a 
range of between 3 jim and 1 0 ^m, preferably between 
3 \im and 5 ^im. It has been clarified that, if the gap falls 
within the range noted above, it is possible to impart ef- 
fectively the generated force Fy in the horizontal direc- 
tion to the slider 3. 



[0066] Another modified embodiment of the electro- 
static actuator of the present Invention will now be de- 
scribed with reference to FIG. 11. Those members of 
the actuator shown In FIG. 11 which are same as those 
5 shown in FIG, 3 are denoted by the same reference nu- 
merals so as to avoid the overlapping description. 
[0067] FIG. 11 schematically shows the construction 
of an electrostatic actuator according to a modified em- 
bodiment of the present invention. In the electrostatic 
^0 actuator shown in FIG. 11 , the electrode width L of the 
slider electrode 30A of the slider 3 is set to fall within a 
range of between 1.5 times and 2.5 times as much as 
the width Wa of each of the first stator electrode 22A, 
the second stator electrode 228 and the third stator 
electrode 22C mounted to the stator 2A. It follows that, 
within the range of the sliding movement of the slider 3, 
the slider electrode 30A is kept facing two of the first 
stator electrode 22 A, the second stator electrode 228 
and the third stator electrode 22G. 
[0068] In the electrostatic actuator shown in FIG. 11 , 
a signal voltage, which can be easily estimated based 
on the timing charts shown In FIGS. 9A and 9F, Is ap- 
plied to the first to third stator electrodes 22A, 22B, 22C, 
the slider electrodes 30A, SOD and the extended elec- 
trode 26D. Therefore, the drawing relating to the signal 
voltage is omitted, and the operation of the mechanism 
will now be described as follows. 

[0069] In the first step, if a voltage is applied to the 
first and second stator electrodes 22A, 228, the slider 
3 is attracted toward the stator 2A, with the result that 
an acting force permitting the first and second stator 
electrodes 22A, 228 to overiap with the first slider elec- 
trode 30A of the slider 3 is generated between the stator 
electrodes 22A, 228 and the first slider electrode 30A. 
Then, if the voltage is applied to the extended electrode 
26D, the slider 3 is attracted toward the stator 28. Fur- 
ther, If voltage Is applied to the second and third stator 
electrodes 228, 22C, the slider 3 is attracted toward the 
stator 2A as in the case where the voltage is applied to 
the first stator electrode 22A and the second stator elec- 
trode 228, with the result that the slider electrode 30A 
of the slider 3 receives the acting force so as to overiap 
with the stator electrodes 228, 22C. In other words, the 
voltage is repeatedly applied to both the first and second 
stator electrodes 22A, 228, the extended electrode 26D, 
both the second and third stator electrodes 228, 22C, 
the extended electrode 26D, both the third and first sta- 
tor electrodes 22C, 22A, the extended electrode 26D 
and, then, to both the first and second stator electrodes 
22A; 22B in the order mentioned. As a result, the slider 
3 is linearly moved slightly in the arranging direction of 
the stator electrodes mounted to the first stator 2A, I.e., 
in the forward direction 24, on the macroscopic level, 
while the slider 3 is being vibrate in a direction crossing 
the forward direction, on the microscopic level. It should 
also be noted that, if the voltage is repeatedly applied 
in the order opposite to the order noted above, I.e., if the 
voltage is applied first to both the stator electrodes 22A, 
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22B, and, then, to the extended electrode 26D, both the 
second and third stator electrodes 22B, 22C, the ex- 
tended electrode 26D. both the stator electrodes 22C, 
22B, the extended electrode 26D, and then to both the 
stator electrodes 22A, 22B in the order mentioned, the 
slider 3 is moved slightly in the backward direction. 
[0070] In the modified embodiment shown in FIG. 11 , 
the electrode width L of the slider electrode 30A mount- 
ed to the slider 3 is set to fall within a range of between 
1 .5 times and 2.5 times as much as the electrode width 
Wa of each of the stator electrodes mounted to the stator 
2A as described above. It should be noted in this con- 
nection that, if voltage is applied to both the stator elec- 
trodes 22B and 22C as shown in FIG. 12A, an acting 
force BO having a component in the backward direction, 
which inhibits the fonward movement, is also generated 
In addition to the acting force FO having a component 
for moving the slider 3 in the forward direction 24. It fol- 
lows that, in order to diminish the acting force BO in the 
opposite direction as much as possible, it is desirable 
for the electrode width L of the slider 3 to be small as 
shown in FIG. 12B. However, if the electrode width L is 
small to make the total area of the electrodes 30 exces- 
sively small, the acting force for vibrating the slider 3 
between the stators 2A and 3B is lowered. Also, the po- 
sitioning force for positioning the slider electrode 30A 
mounted to the slider 3 in substantially the center be- 
tween the adjacent stator electrodes to which voltage is 
applied tends to be rendered unstable. It follows that, as 
a result of the study of the electrode width L of the slider 
30 by the electromagnetic field analysis In view of the 
overall comprehension of these situations, it has been 
found desirable to set the electrode width L of the slider 
electrode 30A of the slider 3 to fall within a range of be- 
tween 1 .5 times and 2.5 times as much as the electrode 
width Wa of each of the stator electrodes mounted to 
the stator 2B. 

[0071] An electrostatic actuator according to another 
modified embodiment of the present invention will now 
be described with reference to FIGS. 1 3A, 1 3B, 1 4A and 
14B. 

[0072] If voltage is applied to the stator electrode 22A 
of the stator 2A in the construction shown in FIGS. 13A, 
13B, the slider 3 receives an electrostatic force (Cou- 
lomb force) so as to be attracted toward the stator 2A 
because of the electric field generated between the slid- 
er electrode 30A of the slider 3 and the stator electrode 
22A of the stator 2A. In this case, if the stator electrode 
22A is brought into direct contact with the slider elec- 
trode 30A of the slider 3, an electric short circuit takes 
place so as to instantly destroy the electrode. Such be- 
ing the situation, it is desirable to an-ange the dielectric 
film 4 having sufficient insulation breakdown strength 
between the stator electrode 22A and the slider elec- 
trode 30A. 

[0073] In the method of applying the voltage de- 
scribed above, a dielectric polarization 5 takes place in 
the dielectric film 4 arranged in the vicinity of the stator 



electrode 22A on the side of the stator 2A, with the result 
that the surface of the stator 2 is caused to bear a pos- 
itive potential relative to the slider electrode 30A. It fol- 
lows that, even If the control is transferred to the next 
driving sequence, It is possible for the phenomenon that 
the slider is not driven toward the stator 2B having the 
extended electrode 26B to take place. The particular 
phenomenon is the to be caused because an electrical 
inclination is brought about within the dielectric film 4 by 
the dielectric polarization. The residual potential caused 
by the dielectric polarization is small. However, since the 
Coulomb force is inversely proportion to the square of 
the distance between the electrodes, a large acting 
force is imparted to the slider 3 even if the residual po- 
tential is small under that state that the slider electrode 
30A is once attracted by the stator electrode 22A and, 
thus, the distance between these two electrodes is 
small. 

[0074] According to the modified embodiment shown 
in FIGS. 13A, 13B, 14A and 14B, it is possible to realize 
a driving sequence that permits suppressing the ad- 
verse effect of the dielectric polarization as much as 
possible and to drive the slider 3 satisfactorily. 
[0075] In the modified embodiment shown in FIGS. 
1 3A and 1 3B, a potential difference Is imparted between 
the stator electrode 22A of the stator 2A and the slider 
electrode 30A of the slider 3 such that the potential of 
the stator electrode 22A is lower than that of the slider 
electrode 30A when the state that the slider 3 is attracted 
toward the stator electrode 22A is changed into the next 
driving sequence in which voltage is applied to the ex- 
tended electrode 26D. For example, if the potential level 
of the slider 3 is set at zero, a potential difference is Im- 
parted between the stator electrode 22A and the slider 
electrode 30A such that the stator electrode 22A as- 
sumes a negative potential. If such a potential difference 
is imparted, the slider 3 is readily moved away from the 
stator 2A so as to realize a smooth actuator function. If 
viewed macroscopically, the electric field formed be- 
-^0 tween the stator electrode 22A of the stator 2A and the 
corresponding slider electrode 30A of the slider 3 be- 
cause of the inclination of the remaining charges caused 
by the dielectric polarization within the dielectric film 4 
is opposite in direction to the electric field generated be- 
45 tween the potential newly applied to the stator electrode 
22A, which is lower than the potential level of the slider 
electrode 30A, and the slider electrode 30A, with the re- 
sult that these two electric fields nullify each other. If 
viewed microscopically, the phenomenon described 
50 above can be explained to the effect that the inclination 
of the residual charge within the dielectric film 4 caused 
by the dielectric polarization 5 is eliminated by the elec- 
tric field fomried by the potential newly applied to the sta- 
tor electrode 22A, the potential being lower than the po- 
55 tential level of the slider electrode 30A. 

[0076] For operating the actuator shown in FIGS. 1 3A 
and 13B, the voltage signals as shown in FIGS. 14A to 
14E are applied to the electrodes through the switching 
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circuit 40. FIGS. 14A, 14B, and 14C show the timing 
charts of signal voltages applied to the stator electrodes 
22A, 22B and 22C, respectively. FIG. 14D shows the 
timing chart of the signal voltage applied to the stator 
electrode 26D. Further, FIG. 14E shows the voltage ap- 5 
plied to the slider electrodes 30A, SOD. The voltage 
shown in FIG. 14E, which is applied to the slider elec- 
trodes 30A. SOD is a ground potential. The low level of 
the signal voltage applied to the stator electrode 26D, 
which is shown in FIG. 14D, is has a low level of the io 
ground potential and a high level of a high potential. Al- 
so, the high level of each of the signal voltages applied 
to the stator electrodes 22A, 22B, 22C, which areshown 
in FIGS. 14A, 148 and 14C, respectively, represents a 
high potential, and the low level is set at a negative po- '5 
tential, with the intermediate level providing the ground 
potential. It follows that the slider electrode 3A Is attract- 
ed to the stator electrodes 22A, 228 and 22C by the at- 
tracting force when the voltage signals shown in FIGS. 
14A, 148, 14C have a high level, and the slider electrode 20 
3A is separated from the stator electrode 22A, 228, 22C 
by the repulsive force when the when the voltage signals 
shown in FIGS. 14A, 148, 14C have a low level. Further, 
the slider electrode 30A does not receive any acting 
force from the stator electrodes 22A, 228, and 22C 25 
when the voltage signals shown in FIGS. 14A, 148, and 
14C have an intermediate level. 

[0077] Incidentally, it is possible for the potential of the 
slider electrode 30A to be in a floating state that the slid- 
er electrode 30 is not electrically connected to the 30 
ground. It is also possible to arrange a dummy electrode 
connected to the ground in the vicinity of the slider 3 so 
as to pennit an electrostatic attractive force to the slider 
electrode 30 A to exert effectively. Also, in the example 
shown in FIGS. ISA and 1SB, a dielectric film is ar- 35 
ranged on the side of the stator 2A. Alternatively, it is 
possible to arrange the dielectric film 4 on the side of 
the slider 3 as shown in FIGS. 15A, 158. The actuator 
shown in FIGS. 15A and 158 is operated similarly by 
the application ofvoltage signals as shown In FIGS. 14A 40 
to 14E from the switching circuit 40 to each of the elec- 
trodes. 

[0078] The specific construction and the manufactur- 
ing method of an electrostatic actuator according to an- 
other embodiment of the present invention will now be ^5 
described with reference to FIGS. 16 and 17A to 17C. 
[0079] In the electrostatic actuator shown in FIG. 1 6, 
the slider 3 Is formed in the form of a hollow cube. Slider 
electrodes 30A are arranged at a predetermined pitch 
on one outer plane 6 of the slider 3. The plane 6 is po- so 
sitioned to face the stator electrodes 22A to 22C. Also, 
a lens 7 of another optical element is fomed in one open 
portion of the slider 3. 8y the driving of the electrostatic 
actuator, the plane of the lens 7 is moved forward or 
backward. In FIG. 16, the lens 7 is fixed to one open 55 
portion of the slider 3. Alternatively, it is also possible to 
mount the lens 7 on the other open portion opposite to 
the open portion shown in the drawing. The slider 3 pro- 



vided with the lens 7 and the slider electrodes SOA con- 
stituting the electrostatic actuator can be manufactured 
by, for example, a glass molding technology. To be more 
specific, it is possible for the lens 7 to be formed integral 
with the slider 3 such that a part of the slider 3 has a 
lens function. 

[0080] The manufacturing method of the slider 3 of the 
electrostatic actuator shown In FIG. 16 will now be de- 
scribed with reference to FIGS. 17A to 17C, 
[0081] In the first step, prepared is a block formed by 
the glass molding technology, which is a hollow cube 
having the lens 7 fomned on one plane, i.e., the upper 
plane, as shown in FIG. 1 7A. Then, the slider 3 Is mount- 
ed with the lens 7 facing upward, as shown in FIG. 1 7A, 
and the lower plane facing the upper plane is in contact 
with a jig such a metal plate so as to permit the slider 3 
to be fixed to the jig. Then, the side surface of the slider 
3 Is covered with a conductive material. It is possible to 
employ any of a sputtering method, a vapor deposition 
method and a coating method as the covering method. 
By this covering, the five planes of the hollow cube are 
covered with the conductor film except the lower plane 
that is in contact with, for example, a jig. Further, the 
conductor film is coated with a resist by, for example, a 
resist coating method, i.e., a so-called "spray system", 
utilizing an electrostatic attracting force. As a result, the 
five planes of the hollow cube are covered with the resist 
film except the lower plane that is in contact with, for 
example, the jig. 

[0082] In the next step, the slider 3 Is detached from 
the jig or the like and is mounted to a jig (not shown) for 
patterning the electrodes on the slider 3. The jig for the 
electrode patterning has a housing section for housing 
the slider 3, and the slider 3 is housed in the housing 
section of the jig such that one side surface of the slider 
3 that is to be patterned is exposed to the outside. The 
slider 3 housed In the housing section is fixed to the jig 
for the electrode patterning without fail by the mechan- 
ical pressing such as a spring or the like housed in the 
housing section or by a suction mechanism provided 
with a negative pressure. 

[0083] Incidentally, it is possible for the jig for the elec- 
trode patterning to have a structure that permits mount- 
ing a plurality of sliders 3, e.g., a structure having a plu- 
rality of housing sections. 

[0084] Then, a patterning transfer utilizing a photo- 
graphic transfer system (i.e. , a so-called "photo-fabrica- 
tion technology) is applied to the exposed side surface 
so as to sensitize the resist. In the next step, the resist 
portion is etched so as to form a resist pattern of a pre- 
detennined pattern, thereby etching the conductive film. 
I.e., and the metal portion, of the pattem thus formed, 
with the result that the conductive pattern alone of a pre- 
detennined pattern is left un removed. 
[0085] Incidentally, it is possible for the conductive 
material of the conductive film to consist of a transparent 
material such as ITO or an opaque material. Where a 
transparent material is used as the conductive material 
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of the conductive film, the surface of the lens 7 is cov- 
ered sinnply with the transparent layer and, thus, the 
transparent layer need not be particularly removed. It 
follows that the manufacture of the slider 3 is finished 
by the etching step. 

[0086] Where an opaque material is used as the con- 
ductive material of the conductive film, the slider 3 is 
detached from the jig for the electrode patterning before 
the etching step, and the slider 3 is mounted again to 
the jig for the electrode patterning with the plane of the 
lens 7 facing upward. Then, a pattern transfer utilizing 
a photographic transfer system (which is a so-called 
"photo-fabrication technology") is applied by using an 
optical mask (which is generally reticule in the semicon- 
ductor process) so as to expose the resist film covering 
the film of the conductive material formed on the plane 
of the lens 7. Then, the resist portion Is removed by etch- 
ing, followed by removing the metal portion by etching, 
thereby finishing preparation of the slider 3. In this em- 
bodiment, the resist film is positive type, which is melted 
after the resist film is exposed with light. However, the 
resist film may be negative type, in which unexposed 
portion or portions are melted after the resist film is ex- 
posed with light. 

[0087] Incidentally, the slider electrode 30A of the slid- 
ers is electrically connected to all the four side surfaces 
including the portion patterned in a ladder shape. In 
place of forming the ladder-shaped slider electrode 30A, 
it is possible to provide an irregular shape in which pro- 
jections and recesses are repeated at a pitch P on the 
surface and to cover the entire surface with a film of a 
conductive material. 

[0088] It is also possible to arrange a region 8, in 
which the ladder-shaped electrodes are not positioned, 
in a part of the plane 6 in which the ladder-shaped elec- 
trodes 30A are fomried as shown in FIG. 16, in order to 
prevent the slider 3 from being brought into direct con- 
tact with the stator electrodes 22A, 22B, 22C mounted 
to the stator and with the extended electrode 26D. In 
this case, it is desirable to permit a stopper 1 0 mounted 
to the slider 3 to abut against the region 8 as shown in 
FIGS. 1 8A and 1 8B. To be more specific, the stopper 1 0 
having a thickness larger than the thickness, i.e., the 
height, of the stator electrodes 22A, 22B, 22C is ar- 
ranged on the surface regions of the stators 2A, 28 fac- 
ing the regions 8, as shown in FIGS. 1 8A and 1 88. The 
stopper 1 0 is allowed to abut against the region 8 by the 
vibration of the slider 3 and to slide along the region 8. 
As a result, it is possible to prevent the slider electrodes 
30A, 308 of the slider 3 from being brought into contact 
with the stator electrodes 22A, 228, and 22C of the sta- 
tor 2A and with the extended electrode 26D of the stator 
2B, It should be noted that it is also possible for the stop- 
per 10 to be mounted on the side of the slider 3 such 
that the stopper 1 0 is brought into contact with the region 
in which the electrodes of the stators 2A and 28 are not 
mounted, as shown in FIGS. 19A and 19B. 
[0089] As described above, the slider can be manu- 



factured easily by the manufacturing method described 
above, making it possible to realize an electrostatic ac- 
tuator rich in mass production capability and capable of 
being manufactured with a low cost. 
5 [0090] Another construction of an electrostatic actua- 
tor of the present invention and the manufacturing meth- 
od thereof will now be described with reference to FIG. 
20. In the electrostatic actuator shown in FIG. 20, a box- 
like member 52D open on both sides facing each other 
10 is prepared as a stator 28. Also, a lid-like member 52C 
closing the upper opening of the box-shaped member 
52D is prepared as a stator 2A. It should be noted that 
the stator electrodes 22A, 228, 22C of the stator 2A are 
formed on the inner surface of the box-shaped member 
15 S2D, and the extended electrode 26D of the stator 28 
is formed on the inner surface of the lid-like member 
52C, These two members 52C, 52D are combined as 
shown in FIG. 20 and bonded to each other so as to 
prepare a stator structure 2 provided with electrodes ar- 
20 ranged a predetennined distance apart from each other 
and imparting a predetermined clearance between the 
stator structure 2 and the slider 3. Before assembly of 
the stator structure 2, the sliderS is arranged in advance 
within the box-shaped member 52D, followed by bond- 
25 ing these two members 52C and 52D to each other so 
as to finish preparation of the electrostatic actuator. 
[0091] The stator 2 having a high accuracy can be 
prepared by a molding method. Specifically, the stator 
structure 2 having a void portion having a longitudinal 
30 axis in the driving direction of the slider can be easily 
prepared by manufacturing parts of the stator structure 
2 by processing a plate material by punching or a press- 
ing as a mold formation. It is also possible to manufac- 
ture the stator structure 2 having the electrodes ar- 
35 ranged at a predetermined distance apart from each 
other with a high accuracy. Incidentally, in the structure 
shown in FIG. 20, the uniform extended electrode 26D 
is formed on the inner surface of the stator structure 
52C. However, it is also possible to form the extended 
40 electrode 26D on the stator structure 52D, with the stator 
electrodes 22A, 228, 22C being formed on the stator 
structure 52C. 

[0092] Several constructions relating to the stator in- 
cluded in the electrostatic actuator of the present inven- 

45 tion and the manufacturing method thereof will now be 
described with reference to FIGS. 21 A, 21 B, 21 C, 22A, 
22B, 22C, 22D, 23A, 23B and 23C. 
[0093] FIG. 21 A is a plan view showing the stator of 
the electrostatic actuator. FIGS. 21 B and 21 C are cross 

50 sectional views along the line 8-8 shown in FIG. 21 A 
and along the line A-A shown in FIG. 21 A, respectively 
As shown in FIG. 21 A, a substrate 11 used as the stator 
2A has a surface facing the slider 3, and the first to third 
stator electrodes 22A, 22B, 22C are fonned on the sur- 

55 face facing the slider 3. As shown in FIG. 21 C, a glass 
substrate or a silicon substrate having an insulating film 
such as a silicon oxide film fomried thereon is used as 
the substrate 1 1 . FIG. 21 A shows three sets of the first 
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to third stator electrodes 22A to 22C. The first stator 
electrode 22A and the third stator electrode 22C are ar- 
ranged to form a comb-shaped configuration together 
with the wirings connected to these stator electrodes. 
The second stator electrode 22B is arranged between 
the first stator electrode 22A and the third stator elec- 
trode 22C, and the wiring extending from the second 
stator electrode 22B is arranged on the insulating film 
fomned on the wiring extending from the first stator elec- 
trode 22A, as shown in FIG. 21 B. Further, the wiring ex- 
tending from the second stator electrode 22B extends 
via the insulating layer so as to reach the region of an 
edge portion of the substrate 11 outside the first stator 
electrode 22A. The wiring is connected to a temninal 
formed on the surface on which each stator electrode Is 
formed and in the region in the side portion of the sur- 
face. 

[0094] The stator 3 shown In FIG. 21 A is manufac- 
tured through the process shown in FIGS. 22A to 22D. 
[0095] In the first step, prepared is the substrate 11 
as shown in FIG. 22A. Formed on the substrate 11 are 
the stator electrode 22 A, the wiring portion for the stator 
electrode 22A, the stator electrode 22C, the wiring por- 
tion for the stator electrode 22C, the stator electrode 
22B, and the wiring for the stator electrode 22B ar- 
ranged outside the wiring portion for the stator electrode 
22A. These stator electrodes and the wirings are formed 
of a metallic material 1 2 such as an aluminum film. Then, 
an insulating film 13 is formed on the substrate 11 as 
shown in FIG. 22B. Also, through-holes 14 for connect- 
ing the wiring portion of the stator electrode 22B formed 
outside the wiring portion of the stator electrode 22A to 
the stator electrode 22B are formed in the wiring portion 
of the stator electrode 22B arranged outside the wiring 
portion of the stator electrode 22A and in a predeter- 
mined position of the stator electrode 22B. For forming 
the insulating film, it is possible to use silicon oxide, sil- 
icon nitride or polyamide depending on the manufactur- 
ing process. Then, fomned is a wiring 15 for connecting 
the wiring portion of the stator electrode 228 positioned 
outside the wiring portion of the stator electrode 22A to 
the stator electrode 228, as shown in FIG. 21 C. Further, 
an insulating film 1 6 is fomned as required on the wiring 
15 serving to connect the wiring portion of the stator 
electrode 22B positioned outside the wiring portion of 
the stator electrode 22A to the stator electrode 226. 
[0096] It should be noted that the wiring for connecting 
the wiring portion of the stator electrode 228 to the stator 
electrode 228 is formed on the upper side of the wiring 
for the stator electrode 22A with the insulating film inter- 
posed therebetween. 8y contraries, it is also possible to 
fonn the wiring serving to connect the wiring portion for 
the stator electrode 228 to the stator electrode 228 be- 
low the wiring for the stator electrode 22A with an insu- 
lating layer interposed therebetween. Incidentally, the 
wiring portion for the stator electrode 228 is fomned on 
the insulating film in the construction described above. 
Alternatively, it is also possible for the wiring portion to 



be connected by a wire bonding in place of the use of 
the wiring portion formed on the insulating film so as to 
permit the wiring portion for the stator electrode 22A to 
be electrically connected to the wiring portion for the sta- 

5 tor electrode 228. 

[0097] In the embodiment described above, the first 
to third stator electrodes are fomned on the substrate 11 
constituting the stator. However, the present invention 
is not limited to the particular construction. For example, 

^0 it is possible to form a plurality of sets of the first to fourth 
stator electrodes 22A to 22D on the substrate 11, as 
shown in FIGS. 23A to 23C. 

[0098] Still additional construction of the stator incor- 
porated in the electrostatic actuator of the present in- 
15 vention will now be described with reference to FIGS. 
24A to 24C. 

[0099] FIG. 24A is a plan view showing the construc- 
tion of the stator 2, and FIGS. 24B and 24C are cross 
sectional views along the lines B-B and A-A, respective- 

20 ly, shown in FIG. 24A. As shown in FIGS. 24A to 24C, 
the wirings connected to the stator electrodes 22A to 
22C are electrically insulated from each other and ex- 
tend to regions in the side portions of the substrate 11 , 
The end portions of these wirings extend into through- 

25 holes extending to reach the back surface of the sub- 
strate 11 so as to be connected to the terminals formed 
on the back surface of the substrate 11 . In the substrate 
11 of the particular construction, it is possible to apply 
voltage from the terminals on the back surface of the 

30 substrate to the stator electrodes 22A to 22C, making it 
possible to increase the degree of freedom in the ar- 
rangement of the circuit. 

[01 00] The constructions relating to the state rs of the 
electrostatic actuator of the present invention will now 

35 be described with reference to FIGS. 25A to 25D. FIG. 
25A is a plan view showing the construction of the stator, 
FIGS. 258 and 25C are cross sectional views along the 
lines 8-8 and A-A, respectively, shown in FIG, 25A, and 
FIG. 25D is a back view of the substrate 11 , 

40 [0101] In the construction of the stator shown in FIGS. 
25A to 25D, the stator electrodes 22A to 22C are ar- 
ranged in parallel on the substrate 11 . The wirings con- 
nected to the stator electrodes 22A to 22C extend line- 
arly, and the terminals at the ends of the extended por- 

45 tions of the wirings are connected to the terminals ar- 
ranged on the back surface of the substrate 11. In the 
substrate 11 of the particular construction, it is possible 
to apply voltage from the terminals arranged on the back 
surface of the substrate to the stator electrodes 22A to 

50 22C, making it possible to increase the degree of free- 
dom in the arrangement of the circuit. 
[01 02] Further, the construction relating to the stators 
included in the electrostatic actuator of the present in- 
vention will now be described with reference to FIGS. 

55 26A to 26D, 27D, and 28A to 28C. In the construction 
of the stators included in the electrostatic actuator ac- 
cording to this embodiment of the present invention, a 
second substrate 118 shown in FIGS. 27A to 27D is 
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bonded to a first substrate 11 A shown in FIGS. 26A to 
26D so as to prepare the construction of the stator 
shown in FIGS. 28A to 28C. 

[0103] FIG. 26A rs a plan view of the substrate 11 A, 
FIGS. 26B and 26C are cross sectional views along the 
lines B-B and A-A, respectively, shown rn FIG. 26A, and 
FIG. 26D Is a back view of the substrate 11a. In the sub- 
strate 11A shown in FIGS. 26A to 26D, the stator elec- 
trodes 22A to 22C are an^anged on the substrate 11 in 
parallel. The wirings connected to the stator electrodes 
22A to 22C extends linearly so as to be connected to 
the temriinals, and tennlnals of the wirings are connect- 
ed to the terminals arranged on the back surface of the 
substrate 11 via the through-holes extending through 
the substrate 11. The tenninals corresponding to the 
stator electrodes 22A to 22C are electrically connected 
to a common terminal, as shown In FIG. 26D. Also, a 
connection terminal that is to be connected to the com- 
mon terminal as shown in FIG. 27A is formed on a sec- 
ond substrate 1 1 B shown in FIGS. 27A to 27D. The com- 
mon temninal is connected to a connection terminal 
formed on the back surface of the substrate 11 B via a 
through-hole extending through the substrate 118. The 
back surface of the first substrate 11 A and the front sur- 
face of the second substrate 11 B are bonded to each 
other so as to permit the common terminal and the con- 
nection tenninal to be bonded to each other, thereby 
manufacturing a stator structure as shown in FIGS. 28A 
to 28C. 

[0104] The specific manufacturing method of the sta- 
tor structure shown in FIGS. 28A to 28C will now be de- 
scribed. In the first step, through-holes corresponding 
to the stator electrodes 22A to 22D are formed in pre- 
detemnined regions of the substrate 11 A. By fonning ter- 
minals in these through-holes, the terminals are con- 
nected to the wirings connected to the stator electrodes 
22A to 22C. It is possible to form concave portions in 
those regions of the substrate 1 lAin which the term inals 
are formed and to form through-holes within these con- 
cave portions. In this case, the terminals connected to 
the wirings extending from the stator electrodes 22A to 
22C are arranged within the through-holes such that the 
terminals corresponding to the stator electrodes 22A to 
22C are connected to each other within the concave re- 
gions. By forming the concave portions on the back sur- 
face of the substrate 1 1 A, a clearance between the sub- 
strate 1 1 A and the other substrate 1 1 B is not generated 
even if the substrate 1 1 B is bonded to the back surface 
of the substrate 1 1 A, making it possible to bring the sub- 
strates 1 1 A and 1 1 B into a sufficient contact by the bond- 
ing. 

[0105] Incidentally, it is possible for the through-hole 
not to extend through the substrate 11 A. In other words, 
it is possible to form a concave portion having a depth 
large enough to form a through-hole in the subsequent 
step of polishing the substrate 11 A. 
[0106] The substrate 11 A having a through-hole 
formed therein is bonded to the substrate 11B. Where 



the substrates are formed of a silicon substrate and a 
glass substrate, an anodic bonding method can be em- 
ployed for the substrate bonding. Where silicon sub- 
strates are bonded to each other, it is possible to employ 
a suitable method depending on the kind of the sub- 
strate such as a water glass method. It is possible for a 
through-hole or a wiring for the lead of the wiring to be 
formed in advance in the substrate 11 B that is to be 
bonded. In the substrate 11 prepared by bonding two 
10 substrates, the substrate 11 is polished until the sub- 
strate 11 A has a predetermined thickness. After the pol- 
ishing step, the through-hole Is allowed to extend 
through the substrate 11 A. Then, the wirings for the sta- 
tor electrodes 22A to 22C are formed on the polished 
IS surface of the substrate 11 A so as to connect the temni- 
nals of the wirings to the wirings on the back surface of 
the substrate 11 A. 

[0107] Further, where the terminals within the 
through-holes and the wirings that are to be connected 
to these terminals are not fonned in advance on the side 
of the substrate 11 B, these tenninals and the wirings are 
formed, followed by connecting the substrate 11 Ato the 
wirings of the substrate 118 so as to finish preparation 
of the stator 2. 

?5 [0108] In the manufacturing process described 
above, there is a merit on the process that it suffices for 
the processing depth of the through-hole fomried in the 
substrate 11 A to be small. Also, the through-hole is 
formed by the general isotropic processing. In other 

30 words, if it is intended to form a through-hole in a certain 
depth direction, the lateral processing is also performed 
in the same amount. As a result, the diameter 4> of the 
through-hole that can be formed is limited by the thick- 
ness of the substrate through which the through-hole ex- 

35 tends, giving rise to a limit in forming a plurality of 
through-holes close to each other The limitation pro- 
vides an obstacle in making fine the arranging pitch of 
the electrodes corresponding to the electrodes of the 
slider formed on the surface of the substrate 1 1 A. In the 

40 manufacturing process described above, it is possible 
to expect a prominent effect that the arranging pitch of 
the surface electrodes of the substrate 11 can be made 
sufficiently small. Incidentally, in this embodiment, the 
wiring of the electrodes formed on the surface of the 

^5 substrate 11 A in the other embodiments is fomned on 
the back surface of the substrate 1 1 A. However, it is pos- 
sible to form the wiring section on the surface of the sub- 
strate 11B. 

[0109] Another construction relating to the stator in- 
>o eluded in the electrostatic actuator of the present inven- 
tion will now be described with reference to FIGS. 29A 
to29D. FIG. 29A is a plan view showing the construction 
of the stator 2, FIGS. 29A and 29C are cross sectional 
views along the lines B-B and A-A, respectively, shown 
in FIG. 29A, and FIG. 29D is a back view of the substrate 
11. 

[0110] In the stator structure shown in FIGS. 29A to 
29D. an SOI substrate is used as the substrate 11 of the 



' 1139553A2_L> 



16 



31 



EP 1 139 553 A2 



32 



stator2, and each electrode is formed of bulk silicon. A 
silicon structure 1 9 forming each electrode Is formed on 
one surface of the SOI substrate 11 by using, for exam- 
ple, a DRIE apparatus. It is possible to further form an 
insulating film (not shown) on the surface of the silicon 
structure 19. 

[0111] A through-hole 20 for taking out the electrode 
is fomned on the back surface of the substrate, and a 
terminal acting as an electrode connected to the silicon 
structure is arranged within the through-hole. 
[0112] As a modification of the structure shown in 
FIGS. 29A to 29D, it Is possible for each electrode to be 
formed of a Ni structure in place of the silicon structure. 
[0113] In the manufacturing process of the modifica- 
tion, a metal layer fonning a seed layer of plating is 
formed on the oxidized silicon substrate. A thick resist 
film is fomned on the substrate, and the resist film thus 
formed is exposed to light, followed by a developing 
process, thereby fonning a mold structure for forming 
an electrode structure. Then, a Ni layer forming the elec- 
trode structure is formed by an electroplating method, 
followed by removing the thick resist film and subse- 
quently applying an insulating film coating. Through 
these steps, the process of manufacturing the electrode 
structure is finished. In this manufacturing process, an 
adjusting step for adjusting the stator structure, e.g., the 
surface polishing step, is performed as desired. 
[0114] Incidentally, a through-hole for taking out the 
electrode is formed on the back surface of the substrate 
like the structure shown in FIGS. 29A to 29D, and a ter- 
minal is arranged within the through-hole and the termi- 
nal thus arranged is connected to the electrode structure 
and is connected to the wiring on the back surface. 
[0115] An application to which the electrostatic actu- 
ator of the present invention is applied will now be de- 
scribed with reference to FIG. 30. 
[01 1 6] The electrostatic actuator of the present inven- 
tion is excellent in its driving characteristics and, thus, 
is adapted for use in a focus adjusting mechanism of a 
small camera. 

[0117] FIG. 30 shows a module portion of a small 
camera having the electrostatic actuator of the present 
invention mounted thereto. As shown in FIG. 30, a 
CMOS or a CCD is mounted on a substrate 21 , and an 
electrostatic actuator 22 is mounted thereon. A slider in- 
tegral with the camera is used as the slider included in 
the electrostatic actuator. Also, an 10 such as a DSP for 
controlling the driving of the electrostatic actuator is 
mounted on the substrate 21 . 

[01 1 8] The camera module of the particular construc- 
tion can be used as a camera unit included in, for ex- 
ample, a portable telephone or a digital camera. 
[01 1 9] As described above, the present invention pro- 
vides an electrostatic actuator that can be manufactured 
at a low cost and is adapted for the mass production. 



Claims 

1. An electrostatic actuator mechanism, character- 
ized by comprising: 

5 

a first stator (2A) provided with an electrode 
group (22A, 22B, 22C, 22D) including at least 
three electrodes (22A, 22B, 22C, 22D) succes- 
sively arranged in a predetermined direction, 
10 voltage being applied to the electrodes (22A, 

22B, 22C, 22D) in different order; 
a second stator (28) arranged to face the first 
stator (2A) and provided with a planar electrode 
(26D) extending in the predetermined direction; 
15 a movable member (3) arranged between the 

first stator (2A) and the second stator (28), and 
provided with a first electrode section (30A) fac- 
ing the electrode group (22A, 228, 22C, 22D) 
and a second electrode section (30D) facing 
the planar electrode (26D); and 
a switching circuit (40) configured to apply volt- 
age alternately to the electrode group (22A, 
228, 220, 22D) and the planar electrode (26D), 
the potential of any of the electrodes forming 
the electrode group (22A, 228, 220, 22D) being 
rendered higher than the potential of the first 
electrode section (30A), or the potential of the 
planar electrode (26D) being rendered higher 
than the potential of the second electrode sec- 
tion (300), and to switch the order of applying 
voltage successively to the first electrode group 
(22A, 228. 220. 22D). 

2. The electrostatic actuator mechanism according to 
claim 1 , characterized in that, when voltage is ap- 
plied to the electrode group (22A, 228, 220, 22D), 
the switching circuit (40) applies voltage simultane- 
ously to at least two electrodes (22A, 228, 22C, 
22D) adjacent to each other in the predetemnined 
direction. 

3. The electrostatic actuator mechanism according to 
claim 1 or 2, characterized in that the width in the 
predetermined direction of the first electrode sec- 
tion (30A) mounted to the movable member (3) is 
1 .5 to 2.5 times as much as the width In the prede- 
termined direction of each of the electrodes forming 
the electrode group (22A. 22B, 22C, 22D). 

4. The electrostatic actuator mechanism according to 
claim 1, 2, 3 or 4, characterized by further com- 
prising a dielectric film (4) formed to cover the elec- 
trode group (22A, 228, 22C, 22D). 

5. The electrostatic actuator mechanism according to 
claim 4, charact rlzed by further comprising a cir- 
cuit (40) configured to impair a potential difference, 
the potential of the electrode group (22A, 228, 220, 



25 



30 



35 



40 



45 



50 



17 



> 1139553A2J_> 



33 



EP1 139 553 A2 



34 



22D) being rendered lower than the potential of the 
first electrode section (30A), when voltage is ap- 
plied to the planar electrode (26D). 

6. The electrostatic actuator mechanism according 
any one of claims 1-5, characterized by further 
comprising a dielectric film (4) formed to cover the 
first electrode section (30A). 

7. The electrostatic actuator mechanism according to 
claim 6, characterized by further comprising a cir- 
cuit configured to impair a potential difference, the 
potential of the electrode group (22A, 22B, 22C, 
22D) being rendered lower than the potential of the 
first electrode section (30A), when voltage is ap- 
plied to the planar electrode (26D). 

8. The electrostatic actuator mechanism according to 
claim 6 or 7, characterized in that the first and sec- 
ond electrode sections (SOD) is maintained at sub- 
stantially the ground potential. 

9. The electrostatic actuator mechanism according to 
any one of claims 1-8, characterized in that the 

movable member (3) further comprises an optical 
element that is driven together with the movable 
member (3). 

10. The electrostatic actuator mechanism according to 
any one of claims 1-9, characterized in that the 
first and second stators (2A, 2B) comprise stoppers 
(1 0) projecting from the upper surfaces of the elec- 
trode group (22A, 22B, 22C, 22D) and the planar 
electrode (26D), and the movable member (3) is 
provided with regions in which the stoppers (1 0) are 
slid, the region being formed on the surfaces on 
which the first and second electrode sections (30A, 
30D) are formed. 

11. The electrostatic actuator mechanism according to 
any one of claims 1 -1 0, characterized in that the 
movable member (3) comprises stoppers (19) pro- 
jecting from the surfaces of the first and second 
electrode sections (30A, SOD), andthefirst and sec- 
ond stators (2A, 28) are provided with regions in 
which the stoppers (10) are slid, the regions being 
formed on the surfaces on which the electrode 
group (22A, 22B, 22C, 22D) and the planar elec- 
trode {26D) are formed. 

12. The electrostatic actuator mechanism according to 
any one of claims 1-11 , characterized in that the 
electrode group (22A, 22B. 22C, 22D) includes 
three electrodes (22A, 22B, 22C, 22D) to which volt- 
age is applied in a different order. 

13. The electrostatic actuator mechanism according to 
any one of claims 1-11 , chara terized in that the 



electrode group (22A, 22B, 22C, 22D) includes four 
electrodes (22A, 22B, 22C, 22D) to which voltage 
is applied In a different order. 

5 14. A method of driving an electrostatic actuator mech- 
anism including a first stator (2A) having an elec- 
trode group (22A, 22B, 22C. 22D) including at least 
three electrodes (22A, 228, 22C, 22D) successively 
arranged in a predetermined direction, voltage be- 
ing applied to the electrodes in different order, a 
second stator (2B) arranged to face the first stator 
(2A) and having a planar electrode (26D) extending 
in the predetermined direction, and a movable 
member (3) arranged between the first stator {2A) 
and the second stator (2B) and having a first elec- 
trode section (30A) facing the electrode group (22A, 
22B, 22C, 22D) and a second electrode section 
(SOD) facing the planar electrode (26D), the method 
characterized by comprising: 
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applying voltage to the electrode group (22A, 
22B, 22C, 22D). the potential of any of the elec- 
trodes forming the electrode group (22A, 228, 
22C, 22D) being rendered higher than the po- 
tential of the first electrode section (30A); 
applying voltage to the planar electrode (26D), 
the potential of the planar electrode (26D) be- 
ing rendered higher than that of the second 
electrode section (SOD); 
applying voltage by switching the electrode of 
the first electrode group (22A, 22B, 22C, 22D) 
such that the potential of the switched electrode 
is rendered higher than the potential of first 
electrode section (30A); 
applying voltage such that the potential of the 
planar electrode (26D) is rendered higher than 
the potential of the second electrode section 
(SOD); and 

repeating the voltage application defined 
above. 

15. The method of driving an electrostatic actuator 
mechanism according to claim 14, characterized 
In that, when voltage is applied to the electrode 
group (22A, 22B, 22C, 22D), voltage is applied si- 
multaneously to at least two electrodes (22A, 22B, 
22C, 22D) adjacent to each other in the predeter- 
mined direction. 



50 16. The method of driving an electrostatic actuator 
mechanism according to claim 1 4 or 1 5, character- 
ized in that, when voltage is applied to the planar 
electrode (26D), a potential difference is imparted 
such that the potential of the first electrode group 
55 (22A, 22B, 22C, 22D) is rendered lower than the 
potential of the first electrode section (30A). 

17. A camera module, characterized by comprising: 
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a image pick-up element (21); and 
an electrostatic actuator mechanism (22) 
mounted to the image pick-up element (21 ), the 
electrostatic actuator mechanism including; 

5 

a first stator (2A) provided with an elec- 
trode group (22A: 22B, 22C, 22D) including 
at least three electrodes (22A, 22B, 22C, 
22D) successively arranged in a predeter- 
mined direction, voltage being applied to io 
the electrodes in different order, 
a second stator (2B) arranged to face the 
first stator (2A) and provided with a planar 
second electrode (26D) extending in the 
predetermined direction, is 
a movable member (3) arranged between 
the first stator (2A) and the second stator 
(2B): and provided with a first electrode 
section (30A) facing the electrode group 
(22A, 22B, 22C, 22D), a second electrode 20 
section (30D) facing the planar electrode 
(26D), and an optical element configured 
to form an optical image on the Image pick- 
up element (21), and 

a switching circuit (40) configured to apply 25 
voltage alternately to the electrode group 
(22A, 22B, 22C, 22D) and the planar elec- 
trode (26D), the potential of any of the elec- 
trodes forming the electrode group (22A, 
22B, 22C, 22D) being rendered higherthan 30 
the potential of the first electrode section 
(30A), or the potential of the planar elec- 
trode (26D) being rendered higherthan the 
potential of the second electrode section 
(30D), and to switch the order of applying 35 
voltage successively to the electrode 
group (22A. 22B: 22C, 22D). 



18. The camera module according to claim 1 7, charac- 

t rlzed in that, when voltage is applied to the elec- 40 
trode group (22A, 22B, 22C, 22D), the switching cir- 
cuit (40) simultaneously applies voltage to at least 
two electrodes (22 A, 228, 22C, 22 D) adjacent to 
each other in the predetermined direction. 

45 

19. The camera module according to claim 17 or 18, 
characterized in that, the width in the predeter- 
mined direction of the first electrode section (30A) 
mounted to the movable member (3) is 1.5 to 2.5 
times as much as the width in the predetermined so 
direction of each of the electrodes (22A, 22B, 22C, 
22D) fomriing the electrode group {22A, 22B, 22C, 
22D). 

20. The camera module according to claim 1 7, 1 8 or 1 9 55 
characterized by further comprising a dielectric 
film (4) formed to cover the electrode group (22A, 
22B, 22C, 22D). 



36 

21 . The camera module according to claim 20, cliarac- 
t rlz d by further comprising a circuit (40) config- 
ured to impair a potential difference such that the 
potential of the electrode group (22A, 228, 22C, 
22D) is rendered lower than the potential of the first 
electrode section (30A), when voltage is applied to 
the planar electrode (26D). 

22. The camera module according to any one of claims 
17-21 , characterized by further comprising a die- 
lectric film (4) formed to cover the first electrode 
section (30 A). 

23. The camera module according to claim 22, charac- 
terized by further comprising a circuit (40) config- 
ured to impair a potential difference such that the 
potential of the electrode group (22A, 228, 22C, 
22D) Is rendered lower than the potential of the first 
electrode section (30A), when voltage is applied to 
the planar electrode (26D). 
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